Natural hybridization is common in many different plant and animal taxa, and although the importance of hybridization in evolution has historically been a topic of some debate, it is becoming increasingly clear that it can be an important phenomenon in speciation and adaptation (Whitney et al. 2006; Mallet 2007) . Although a common traditional (and still prevalent) view of species holds that widespread introgression between distinct species will be extremely rare if it occurs at all (Mayr 1963; Coyne and Orr 2004) , recent evidence suggests that significant hybridization and introgression following species divergence may not be uncommon (Hey 2006) , and theory suggests that if few genes or genomic regions maintain species differences and if there is sufficient opportunity for hybridization and recombination among genomes, much of the genome may be free to pass across species boundaries (Barton and Hewitt 1985; Wu 2001) .
Numerous instances of introgression across species boundaries have been documented (Arnold 1992; Rieseberg and Wendel 1993) , and recent studies provide further empirical evidence for the maintenance of species differences in the face of significant amounts of hybridization and introgression (Crow et al. 2007; de Casas et al. 2007; Yatabe et al. 2007) . Although these studies document the occurrence of introgression, some questions remain about the amount and long-term dynamics of introgression, in part because studies are focused on populations in or near hybrid zones (but see Yatabe et al. 2007) or because the relative effects of introgression and sorting of ancestral polymorphisms are not explicitly taken into account (Nielsen and Wakeley 2001) .
Models of strict isolation versus migration can be distinguished from each other using patterns of genetic variation within or among loci (Wakeley 1996; Nielsen and Wakeley 2001; . The past 20 years have seen a number of important theoretical (Felsenstein 1988; Geyer 1992; Nielsen and Wakeley 2001; Hudson 2002; Hey and Nielsen 2007) and computational advances, as well as a dramatic increase in the availability of sequence data from multiple loci, even in nonmodel organisms. These advances now allow investigators to not only distinguish between strict isolation and migration, but also to explicitly estimate a range of demographic quantities using parameter-rich models that can incorporate complex scenarios including population size changes, asymmetric rates of introgression between populations, and variation among loci in rates of introgression. These recently developed methods based on variation in coalescence patterns and shared genetic variation among multiple loci offer the best option currently available for sorting out the effects of incomplete lineage sorting and interspecific gene flow (Hey 2006) . They have been successfully applied to primates (Hey 2005; Won and Hey 2005) , Drosophila Machado et al. 2007b) , Heliconius butterflies (Bull et al. 2006) , and several other animal species. However, such studies remain very rare in plant systems, where there is a much richer history of exploring the roles hybridization and introgression can play in shaping species diversity.
North American annual sunflower species Helianthus annuus and H. petiolaris are an excellent system for studying interspecific hybridization, introgression, and the maintenance of species differences. These two species, which are widespread throughout much of the central and western United States, differ by a minimum of 11 chromosomal rearrangements (Burke et al. 2004) and are morphologically and ecologically distinct (Gross et al. 2004; Rosenthal et al. 2005) . They also show strong prezygotic (Rieseberg et al. 1995) and postzygotic (Lai et al. 2005b) reproductive isolation throughout their ranges (Buerkle and Rieseberg 2001) . Nonetheless, they form numerous hybrid zones throughout their ranges and rates of F1 production in these zones are fairly high , as are the frequencies of complex backcross genotypes ). This suggests that there is ample opportunity for recombination between the two species' genomes to unlink neutral or even potentially adaptive genomic regions from regions that contribute to reproductive isolation . Helianthus annuus and H. petiolaris are more similar to each other at anonymous nuclear markers than H. annuus is to its sister species, H. argophyllus (Yatabe et al. 2007 ). In addition, they have given rise to three stabilized homoploid hybrid species in the southwestern United States (Rieseberg 2006) . Helianthus annuus also hybridizes with a number of other annual Helianthus species (Heiser 1951a,b; Dorado et al. 1992) , and in at least one case adaptive introgression appears to have facilitated expansion into new habitat (Whitney et al. 2006) . Hybridization has clearly played a central role in the evolution of this group.
Both species also have extremely high levels of genetic variation compared to other flowering plants (Lynch 2006) . Reliable estimates of the long-term effective sizes, population growth patterns, and rates of gene flow between these species may help inform our understanding of these patterns of genetic diversity. Here we investigate the demographic histories of H. annuus and H. petiolaris within an "isolation with migration" framework using sequence data from 18 anonymous nuclear loci. We are particularly interested in the ages of these two species, their long-term patterns of historical gene flow and how they compare to data available for other flowering plant species, and their effective population sizes and patterns of historical population growth.
Materials and Methods

COLLECTIONS AND DNA ISOLATION
Leaves and/or achenes were collected from 10 populations of H. annuus and 10 populations of H. petiolaris in the western and southwestern United States (Fig. 1) . None of these populations are known to be near hybrid zones between these two species. Achenes were germinated in greenhouses at Indiana University, and leaf tissue was sampled for genetic analyses. Individuals of two species in the closely related genus Bahiopsis (formerly Viguiera-Schilling and Paner 2002), B. lanata and B. reticulata, were used as outgroups. DNA was extracted from leaf tissue using a DNeasy Plant Mini Kit or DNeasy 96 Plant Kit (QIAGEN, Valencia, CA).
DNA SEQUENCING
Primers were designed based on H. annuus EST sequence collected as part of the Compositae Genome Project (http://cgpdb. ucdavis.edu/) (Lai et al. 2005a) . Where possible, primers were designed to anneal in conserved exon regions flanking one or Table 1. more introns. Primer sequences and amplification conditions are described in online Supplementary Table S1 . The 18 loci analyzed here represent at least 11 of 17 linkage groups in H. annuus. Because loci were developed based on an H. annuus EST library, they all contain portions of expressed genes. However, loci were chosen without regard to gene ID or homology to any other loci. Closest Arabidopsis thaliana BLAST hits and gene information are given in online Supplementary Table S2 . Unincorporated primers and dNTPs were removed using ExoSAP-IT (USB, Cleveland, OH), and sequencing reactions using both forward and reverse primers were carried out on PCR products using ABI Big Dye Terminators version 3.1 and resolved using an ABI 3730 capillary sequencer (Applied Biosystems, Foster City, CA). For individuals heterozygous for a single indel, haplotypes were phased by comparing forward and reverse sequences at variable sites. For individuals heterozygous for multiple indels or for phasing haplotypes in individuals with no length heterozygosity, PCR products were cloned using a TOPO-TA cloning kit (INVITROGEN, Carlsbad, CA) . Clone sequences were compared to sequences obtained through direct sequencing and to other clone sequences for the same individual to help identify polymerase errors and PCR-mediated recombination (Meyerhans et al. 1990) 
DATA ANALYSES
Coding regions and reading frames were identified by comparing sequences to Helianthus and Lactuca (lettuce) EST sequences retrieved from the Compositae Genome Project (http:// compgenomics.ucdavis.edu/) as well as Arabidopsis sequences. For three loci, coding region/reading frame could not be reliably identified; in these cases, all sequence was considered noncoding.
Sequence diversity () using the Jukes-Cantor (1969) correction and Watterson's (1975) were calculated for entire sequences as well as silent/noncoding and replacement partitions using DnaSP version 4.10.9 (Rozas et al. 2003) . Interspecific gross and net sequence divergence (net divergence = gross divergence -average diversity within each species) were calculated using the computer program SITES . Summary statistics for four categories of segregating sites described by Wakeley and Hey (1997) were also calculated using SITES. Neighbor joining trees were constructed using PAUP 4.0b10 (Swofford 1999) . AMOVAs were run using the program Arlequin version 3.11 (Excoffier et al. 2005 ). Estimates of current and ancestral inbreeding effective population sizes, divergence time, long-term rates of effective migration, and the ancestral population splitting parameter (measuring the proportion of the ancestral population that gave rise to H. annuus) were made using the computer program IM (written by Jody Hey; available at http://lifesci.rutgers.edu/∼heylab/HeylabSoftware.htm#IM). Analyses in IM were run using the HKY (Hasegawa et al. 1985) mutation model. Three independent (different random number seeds) runs of at least 2-3 million steps following a 100,000 step burn-in were used to ensure convergence; all runs involved 10 independent chains, and the lowest effective sample size (ESS) among the seven parameters was at least 50 in each case, as recommended in the IM documentation (in most cases ESS values ranged from several hundred to >10,000). Upper bounds of the prior distributions for each parameter were set based on the results of a preliminary run. Maxima of posterior distributions for each parameter were well under the upper bounds of the prior distributions for all three runs. Results were highly consistent across runs, and a single representative run is presented here. Maximum-likelihood estimates (MLEs) and 90% highest posterior density (HPD) ranges for each parameter were converted to meaningful biological quantities using a mutation rate estimate of 1 × 10 −8 substitutions/site/year, derived from a range of EST sequence comparisons and fossil calibrations in flowering plants, with an emphasis on Asteraceae and closely related taxa (M. S. Barker and L. H. Rieseberg, unpubl. Bah-2 1 ms.), and a one-year generation time (these sunflowers are annuals). MLEs and HPD ranges were very consistent across IM runs. The "isolation with migration" model implemented in IM assumes no recombination within loci and free recombination among loci. There is no significant linkage between any pair of loci (data not shown); in fact, most of the loci used here are on different chromosomes (see Table 2 ). The program SITES was used to infer apparently nonrecombining blocks of sequence based on the algorithm of Hudson and Kaplan (1985) , with sites containing indels and sites with more than two DNA character states excluded. The largest nonrecombining block of sequence for each locus was included for analyses using IM. Sequences from six Helianthus species involved in a larger study (H. annuus and H. petiolaris as well as three species resulting from hybridization between them-Rieseberg 2006-plus H. annuus' sister species, H. argophyllus) were used for recombination analyses. In one case-locus (3724)-all sequence was included because there was no evidence of recombination. The method implemented in IM also assumes that all sequences have evolved neutrally. To test this, Tajima's (1989) D and Fu's (1997) Fs statistics and P-values were calculated in Arlequin version 3.11 using 10,000 simulations to assess significance. In addition, Hudson-Kreitman-Aguade (HKA) tests (Hudson et al. 1987) 
Results
Eighteen anonymous nuclear loci representing at least 11 of 17 linkage groups were sequenced; aligned sizes range from 297 to 1059 bp, with an average size of 663 bp (11,927 bp total). Basic summary statistics for all loci are shown in Table 2 . Average silent site nucleotide diversity across loci within H. annuus and H. petiolaris is 2.5% and 3.3%, respectively, and average pairwise distance across loci between species is 2.6%. As is evident from Table 2 , although there is a large amount of variation within each species, differentiation between species is fairly low (mean ratio of net to gross divergence across loci is 0.30). In neighbor joining trees using B. lanata and B. reticulata as outgroups, H. annuus and H. petiolaris haplotypes are reciprocally monophyletic for only one locus, JLS244 (data not shown). Helianthus annuus haplotypes are paraphyletic with respect to H. petiolaris haplotypes for one locus, the reverse is true for four loci, and for 12 loci haplotypes sampled from the two species have a polyphyletic relationship. Consistent with previous data on the decay of linkage disequilibrium in H. annuus (Liu and Burke 2006) , intralocus recombination appears common in our dataset; only one locus showed no evidence of recombination, and the average size of the largest nonrecombining block is almost 300 bp smaller than the average size of the full aligned sequence (379 bp vs. 663 bp).
Tajima's D and Fu's Fs statistics for each locus are given in Table 3 . Fs is considered more sensitive to population growth, whereas D is considered more sensitive to selection (Fu 1997) . For H. annuus and H. petiolaris, zero and two loci are significantly negative for D, and 15 and 10 loci are significantly negative for Fs, respectively. To test whether recombination or population structure within each species had a significant effect on D and Fs, both statistics were calculated using the largest nonrecombining sequence blocks for each locus (the same blocks used for IM analyses) and using a single randomly selected haplotype from each sampling locality (10 haplotypes for each species; see Another useful way to describe the distribution of genetic variation between H. annuus or H. petiolaris is using the four mutually exclusive categories of segregating sites that Wakeley and Hey (1997) introduced to estimate current and ancestral effective sizes and divergence time. These are the numbers of sites polymorphic in the first population but fixed in the second and vice versa, the number of shared polymorphisms, and the number of fixed differences. As can be seen in Table 4 , there is a large amount of variation within each species, with an average of 51 and 59 variable sites per locus in H. annuus and H. petiolaris, respectively; in contrast, across all loci there are a total of 15 fixed differences between the two species.
Results from IM analysis are shown in Table 5 and Figure 2 . Estimates of effective population sizes for each species are 1.8 million for H. annuus and 2.4 million for H. petiolaris. These sizes are four to six times larger than the effective size of the ancestral population that gave rise to these species, indicating that both H. annuus and H. petiolaris have undergone dramatic population (Rieseberg et al. 1991a ). Longterm estimates of effective migration between H. annuus and H. petiolaris are exceptionally high for two species that diverged one million years ago. MLEs of N ef m for H. petiolaris into H. annuus and H. annuus into H. petiolaris are 0.31 and 0.6, respectively. The upper limit of the 90% HPD range for the latter value is approximately one, a level of effective gene flow often cited as high enough to prevent differentiation through genetic drift among populations within a single species (Templeton 2006) .
Discussion
To date the "isolation with migration" model implemented in IM and closely related methods has been mainly applied to animals, most notably (although certainly not exclusively) primates and Drosophila. To the extent that a general pattern has emerged, it suggests that low, often asymmetric levels of gene flow are not uncommon between recently formed species (Hey 2006) . In addition, inferred rates of gene flow sometimes vary widely among loci, reinforcing the need for multilocus approaches to the study of divergence, gene flow, and species relationships. Variation across the genome in rates of introgression can also provide clues to the genetic or genomic basis of species differences and reproductive isolation (Noor et al. 2001; Rieseberg 2001; Machado et al. 2007a; Turner and Hahn 2007) . , in introducing the IM methodology and computer program, found an average Nm of approximately 0.05 in both directions between Drosophila pseudoobscura and D. persimilis, but with considerable variation across 14 nuclear loci, consistent with previous work indicating gene flow is limited by natural selection at some loci (Wang et al. 1997; Machado et al. 2002) . Interestingly, although average rates of gene flow were comparable in each direction, most loci showed some evidence of asymmetric gene flow; in the most extreme case, mitochondrial introgression from D. pseudoobscura into D. persimilis was two orders of magnitude higher than in the reverse direction. Other results from Drosophila have been mixed. Counterman and Noor (2006) found no evidence for introgression between Drosophila mohavensis and D. arizonae, whereas Llopart et al. (2005) found introgression of mtDNA and two nuclear loci between D. yakuba and D. santomea (the authors did not make a quantitative estimate of the population migration rate at these loci). Bull et al. (2006) found evidence for gene flow on the order of Nm = 1 for one locus (calculated by us from the estimate of m in Table 6 and effective population sizes on page 6 of that paper), but no evidence of gene flow at three other loci. Two other illustrative examples involve chimpanzees (Won and Hey 2005) , in which substantial unidirectional gene flow occurs 
Model Parameter
High between two subspecies of the common chimpanzee, but little exchange was found between common chimpanzees and bonobos; and Lake Malawi cichlids , where two very recently diverged species are exchanging genes at reciprocal rates of Nm = 0.16 and Nm = 0.31.
Few robust estimates of long-term effective migration rates are available among plant species, and those that are available do not indicate high levels of long-term gene flow among species known to hybridize. Sweigart and Willis (2003) attributed extremely high genetic diversity (average over two loci silent-site = 0.077) in Mimulus guttatus at least partially to asymmetric introgression from its sympatric congener M. nasutus. However, they did not provide a quantitative estimate of N ef m, and alternative hypotheses to interspecific gene flow were not formally tested. Stadler et al. (2005 Stadler et al. ( , 2008 examined genetic variation at 13 loci in three Lycopersicon species and could not reject an isolation model (Wang et al. 1997) of no gene flow following initial species divergence (although patterns of linkage disequilibrium indicate that at least some genomic regions may have been sub- ject to introgression). Based on 10 loci, Zhang and Ge (2007) found no clear evidence of introgression among several closely related rice species. One exception can be seen in Hawaiian silverswords, in which Lawton-Rauh et al. (2007) document gene flow rates of Nm = 0.14 and Nm = 0.39 between two recently (less than 500,000 years ago) diverged species. This general lack of quantitative evidence for long-term effective migration between plant species may be due in part to the very recent availability of multilocus sequence data in natural populations of nonmodel organisms, and of the analytical and computational tools needed to analyze these data in an "isolation with migration" framework (Hey 2006 ). Here we have presented what is likely the most comprehensive analysis to date of historical demography and long-term effective migration between hybridizing plant species, and our results suggest significant introgression. In this regard, comparisons to intraspecific estimates of effective migration can be informative. Morjan and Rieseberg (2004) collected estimates of within-species N ef m for a range of taxa. For plants, their estimates range from 0.02 to 90.4, with a mean of 1.8 and a median of 1.1. Our estimates for introgression from H. petiolaris into H. annuus (N ef m = 0.31) and H. annuus into H. petiolaris (N ef m = 0.60) are larger than 18% and 41% of these intraspecific N ef m estimates, respectively. Morjan and Rieseberg (2004) also broke their data down by mating system and geographic scale. If we focus only on the most relevant comparisons, outcrossing species with N ef m estimated at the species-wide level (as opposed to among local populations), results are comparable; H. petiolaris into H. annuus and H. annuus into H. petiolaris estimates are larger than 15% and 34% of intraspecific estimates, respectively. The data analyzed by Morjan and Rieseberg (2004) generally used distance-based methods and simple island models of population structure equating Fst (or an Fst analog) to N ef m, and the usual caveats of this methodology apply (Whitlock and McCauley 1999) -most notably, Fst may underestimate (neutral) N ef m if the markers used are linked to loci under divergent selection, or it may overestimate N ef m if populations have recently fragmented and measures of Fst reflect past conditions rather than a current equilibrium. Nonetheless, it seems clear that H. annuus and H. petiolaris have undergone widespread introgression throughout the approximately one million years since their initial divergence.
As discussed above, multilocus studies often show variation among genes or genomic regions in rates of introgression (Hey 2006) . In the most extreme examples, some loci show fixed differences with little or no evidence of introgression, whereas others show very high levels of introgression with little or no interspecific differentiation (e.g., Geraldes et al. 2006) . These patterns may be due to genetic factors that contribute to reproductive isolation and species differences (Wu 2001 ); or they may be due to chromosomal factors such as rearrangements or proximity to centromeres, which may have direct negative fitness consequences in hybrids (in the case of rearrangements) or may extend the negative effects of genic factors through recombination suppression (Noor et al. 2001; Rieseberg 2001 ). In our case, although all 18 loci show evidence of gene flow at some point in the history of these two species, there is also some variation among loci. Although more than half of our loci show no fixed differences between H. annuus and H. petiolaris (see Table 4 ), the most significant outlier, (3724), shows six fixed differences and no shared polymorphisms between the two species. This locus is also by far the least variable of the 18 analyzed here. It bears little similarity to any other genes of known function-the closest Arabidopsis BLAST hit is to an unknown protein with very low similarity (see online Supplementary Table S2 ). We are currently gathering mapping data for all 18 loci, and hope to examine possible causes of among-locus variation in more detail in the near future.
Although confidence intervals for effective migration rates from H. annuus into H. petiolaris and vice versa are largely overlapping and not significantly different from each other, MLEs differ by a factor of two. It is not immediately clear why introgression from H. annuus into H. petiolaris might be higher than in the other direction. There are clear asymmetries in F1 hybrid frequencies in hybrid zones, with H. annuus much more likely to be the maternal parent, but there does not appear to be a bias toward either parental species in backcrosses ). Evidence of asymmetrical introgression has also been found between H. annuus and another annual sunflower species, H. debilis (Rieseberg et al. 1991b) .
Our average estimates of silent site sequence diversity are 0.025 and 0.033 for H. annuus and H. petiolaris, respectively, with the highest estimates within each species being 0.045 and 0.063, respectively. These estimates are well above the average of 0.0152 for land plants reported by Lynch (2006) , and the only individual species' values included in Lynch's (2006) analysis that are higher than H. petiolaris' 18-locus average are based on single (or in one case two) highly variable loci. Helianthus petiolaris' average is also higher than all vertebrate values reported by Lynch, and higher than all but four invertebrate values based on more than one to two loci. Our molecular clock calibration of 1 × 10 −8 substitutions/site/year, estimated from of EST sequence comparisons and fossil calibrations in flowering plants (M. S. Barker and L. H. Rieseberg, unpubl. ms.) is close to Lynch's (1997) estimate of nuclear synonymous substitution rate in land plants of 7.31 × 10 −9 substitutions/site/year. However, our mutation rate estimate is for all sites, and sequence diversity/divergence at silent sites only is approximately 60% higher than overall diversity/divergence (data not shown), leading to a corresponding silent site mutation rate estimate of 1.6 × 10 −8 substitutions/site/year, roughly twice as high as Lynch's (1997) estimate. If we apply the Lynch (1997) estimate to our dataset, halving the mutation rate estimate will result in a doubling of our estimates of current and ancestral effective population sizes as well as divergence time (estimates of N ef m will be unaffected because the mutation rate cancels out when multiplying model parameters of population size and gene flow). A two million year divergence time is not consistent with rough estimates of divergence time based on cpDNA (Rieseberg et al. 1991a) , which are largely in agreement with our current estimate of one million year. Assuming our estimate is an accurate one, sunflowers and related taxa may have a fairly high average nuclear mutation rate compared to other flowering plants. However, it is worth pointing out that our estimates of 1 × 10 −8 and 1.6 × 10 −8 substitutions/site/year for all sites and silent sites, respectively, are roughly in line with some recent estimates in flowering plants (Koch et al. 2000; Kay et al. 2006) , and considerably slower than a recent estimate for noncoding sequence near the tb1 maize domestication gene (Clark et al. 2005) . Given these recent estimates, our clock calibration does not seem unreasonable.
Helianthus annuus and H. petiolaris represent the deepest split within the North American annual sunflowers (Rieseberg 1991) . Schilling et al. (1998) suggested that the genus Helianthus originated in the southeastern United States. Although North American annual sunflowers are nested within the perennial members of the genus, they appear to occupy a fairly basal position, and it may be the case that the annual sunflowers originated further to the east than the center of their current distribution. Expansion into their much larger ranges in the central and western United States would explain the dramatic population size increases documented here. Effective population sizes may also be increased due to hybridization/introgression with other species, especially for H. annuus (Rieseberg et al. 1990; Kim and Rieseberg 1999; Carney et al. 2000; Whitney et al. 2006) . In addition, the method implemented in IM assumes no population structure within each species, a condition likely to be violated in almost every natural example. Population structure within species should increase effective population size estimates, although the sensitivity of estimates to this assumption is not clear, and in some cases species with likely violations still have reasonable estimates of population sizes (Hey 2005) .
Population structure in the ancestral species may artificially inflate divergence time estimates. However, if the ancestor to annual sunflowers had a limited range in the southeastern United States, dramatic structure seems less likely. Microsatellite-based estimates of differentiation on the regional and species level in both H. annuus and H. petiolaris bear this out. Estimates of N ef m among southwestern and western populations of each species are approximately one (Schwarzbach and Rieseberg 2002; Welch and Rieseberg 2002; Gross et al. 2003) ; and an AMOVA of central and western populations of H. annuus and H. petiolaris indicates that only 3-4% of genetic variation is distributed among populations within species (Yatabe et al. 2007 ). In addition, we divided H. annuus and H. petiolaris sampling populations into three regions for each species based on geographical proximity and ran AMOVAs for each locus analyzed here. An average of 5.4% of sequence variation is distributed among regions within species, compared to 29.6% distributed between species and 65% distributed within regions, indicating that deep structure within each species is not likely to be a problem here. Finally, our divergence estimate is in line with previous estimates for this group (Rieseberg et al. 1991a) .
Inbreeding effective population sizes for H. annuus and H. petiolaris are 1.8 million and 2.4 million, respectively. These numbers, although quite large, are certainly well below the total census population sizes of each species, in which individual populations of many thousands of individuals are not uncommon. Both species also possess life-history traits associated with larger inbreeding effective population sizes, including an outcrossing mating system and extensive seed banks (Nunney 2002; Vitalis et al. 2004) . It should be mentioned that our sampling regime reflects our interest in hybrid speciation in Helianthus in the southwestern United States as part of a larger study; so although a significant portion of the range of each species is represented here, we have not included samples from the central United States. However, as discussed above, geographic structure within each species range is rather limited. As a result, we do not expect our results to be strongly affected by sampling regime.
The method implemented in IM also allows us to estimate the posterior probability density of the numbers of migration events and mean times of migration events for each locus in both directions (Won and Hey 2005) . All of our loci show some evidence of migration, and posterior probability densities for mean times of migration for all 18 loci are shown in Figure 3 . Considering the loci overall there is significant probability density throughout the entire history of these two species, but an increase in probability density begins roughly 300,000 years before present. This corresponds with the arrival of bison in North America 200,000-300,000 years before present (Shapiro et al. 2004 ). Bison are thought to have historically been a primary dispersal agent for sunflowers, as seeds became tangled in their matted hair and were transported long distances during the regular movements of the bison (Asch 1993) . In addition, bison are known to have created a variety of natural disturbances, such as wallows and trails (Barsness 1985) , in which both sunflower species are commonly found (Asch 1993) . The arrival of bison provides an intriguing possible explanation for the dramatic population expansions of both H. annuus and H. petiolaris, as well as their increasing rates of hybridization and introgression.
IM assumes no intralocus recombination, although it is not completely clear how violations of this assumption will affect the estimation of each parameter in IM. To examine this, we performed IM analyses using the same program settings but including the entire length of sequence for each locus. Due to computational limitations, a single haplotype was randomly selected from each individual. Results are shown in Table 6 . The most striking change is that estimates of current effective population sizes are much larger-58% larger for H. annuus and 85% larger for H. petiolaris. This pattern may be expected if variants actually created by recombination are inferred to be the result of repeated mutation. Differences among other estimates were not statistically significant, although ancestral effective population size and divergence time both decreased somewhat, and the MLE of gene flow from H. annuus into H. petiolaris decreased by 40%. Bull et al. (2006) found similar results (increased current effective population sizes, no significant changes in other parameters) when they compared a full dataset of four loci, three of which show evidence of recombination, to reduced datasets with recombinant haplotypes or sequence blocks removed. Further research into the effect of recombination on parameter estimation in IM and programs with similar methodologies, as well as comparisons between these methods and summary-based methods that incorporate recombination (e.g., Becquet and Przeworski 2007) , will be very valuable.
Recently, a number of related models have been proposed in which chromosomal rearrangements can reduce gene flow and potentially contribute to speciation through the suppression of recombination (Noor et al. 2001; Rieseberg 2001; Navarro and Barton 2003) . Empirical evidence for these models has been strongest in Drosophila Machado et al. 2007a; Noor et al. 2007) , although evidence has also been found in sunflowers , Anopheles mosquitos (Stump et al. 2007) , and other systems. In their 14-locus analysis, found much of the among-locus variation in rates of gene flow between D. pseudoobscura and D. persimilis could be explained by proximity to inversions that distinguish the two species. Sunflowers show extremely rapid rates of chromosomal evolution, and H. annuus and H. petiolaris differ by a minimum of 11 chromosomal rearrangements (Burke et al. 2004 ). However, Yatabe et al. (2007) found no correlation between location of microsatellite markers on collinear versus rearranged chromosomes and genetic distance between H. annuus and H. petiolaris, as might be expected if chromosomal rearrangements reduce recombination rates, thereby increasing the sizes of genomic regions prevented from introgressing. They suggested that the lack of a correlation between genetic distance and collinear versus rearranged chromosomes may be due to a very small genomic unit of isolation between the two species, possibly as a result of extensive hybridization and concomitant opportunities for recombination (Yatabe et al. 2007) . Of the 18 loci used here, five map to collinear loci, 11 map to rearranged loci, and two have not been mapped. Although we obviously do not have the genomic coverage to address this question in detail with our sequence data, it is worth pointing out that we also find no relationship between sequence divergence and chromosome type (Table 7) . In fact, the three least divergent loci all map to rearranged chromosomes.
Overall gross divergence at loci on rearranged chromosomes is slightly lower than at loci on collinear chromosomes, although net divergence is slightly higher due to slightly lower variation within species.
Supplementary Material
The following supplementary material is available for this article: Table S1 . Primer and PCR condition information for all loci. Table S2 . Best BLAST hits to Arabidopsis thaliana sequences for each gene. Table S3 . GenBank accession numbers for all sequences. Table S4 . Results of tests of selection/demographic changes using only the largest non-recombining blocks for all 18 loci. Table S5 . Results of tests of selection/demographic changes using a single sequence from each population (ten sequences for each species).
This material is available as part of the online article from: http://www.blackwell-synergy.com/doi/abs/10.1111/j. 1558-5646.2008.00415.x (This link will take you to the article abstract).
Please note: Blackwell Publishing is not responsible for the content or functionality of any supplementary materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
